Insulin slows GLUT4 internalization by an unknown mechanism. Here we show that in unstimulated adipocytes, GLUT4 is internalized by two mechanisms. Approximately 80% of GLUT4 is internalized by a mechanism that is sensitive to the cholesterol-aggregating drug nystatin, and is independent of AP-2 clathrin adaptor and two putative GLUT4 endocytic motifs. The remaining GLUT4 is internalized by an AP-2-dependent, nystatin-resistant pathway that requires the FQQI GLUT4 motif. Insulin inhibits GLUT4 uptake by the nystatin-sensitive pathway and, consequently, GLUT4 is internalized by the AP-2-dependent pathway in stimulated adipocytes. The phenylalaninebased FQQI GLUT4 motif promotes AP-2-dependent internalization less rapidly than a tyrosine-based motif, the classic form of aromatic-based motifs. Thus, both a change in the predominant endocytosis pathway and the specific use of a suboptimal internalization motif contribute to the slowing of GLUT4 internalization in insulin-stimulated adipocytes. Insulin also inhibits the uptake of choleratoxin B, indicating that insulin broadly regulates cholesterol-dependent uptake mechanisms rather than specially targeting GLUT4. Our work thus identifies cholesteroldependent uptake as a novel target of insulin action in adipocytes.
Introduction
Insulin regulates glucose transport in adipose and muscle cells by modulating the amount of the GLUT4 glucose transporter in the plasma membrane (Watson et al, 2004; Dugani and Klip, 2005) . In unstimulated basal adipocytes, less than 5% of GLUT4 is in the plasma membrane. A dynamic process involving slow GLUT4 exocytosis and fast GLUT4 internalization determines the steady-state distribution of GLUT4 between the plasma membrane and intracellular compartments. Insulin acts by altering the rates of GLUT4 trafficking between intracellular compartments and the plasma membrane, resulting in a net increased accumulation of GLUT4 in the plasma membrane. At the new steady state in the presence of insulin, about 50% of GLUT4 is in the plasma membrane. The effects of insulin on GLUT4 exocytosis have been extensively studied and well documented (e.g., Govers et al, 2004; Karylowski et al, 2004; Martin et al, 2006) .
The GLUT4 internalization mechanism and the GLUT4 sequences that determine internalization have not been fully described, nor is it known how insulin inhibits GLUT4 endocytosis. There are data documenting a role for clathrincoated pits, as well as data supporting a role for cholesterolenriched domains in GLUT4 endocytosis (e.g., Robinson et al, 1992; Ros-Baro et al, 2001; Shigematsu et al, 2003) . Two motifs have been proposed to mediate GLUT4 endocytosis: an F 5 QQI sequence in the GLUT4 amino-terminal domain (Piper et al, 1993; Garippa et al, 1994; Araki et al, 1996; AlHasani et al, 2002; Govers et al, 2004) and an LL 490 sequence in the carboxyl-terminal domain (Czech and Buxton, 1993; Verhey et al, 1995; Garippa et al, 1996; Govers et al, 2004) . The F 5 QQI motif is a member of the aromatic-based internalization motif family and the LL 490 sequence is a member of the LL-based family of trafficking motifs (Bonifacino and Traub, 2003) . Both these classes of motifs have been implicated in regulating internalization from the plasma membrane as well as targeted intracellular trafficking (Bonifacino and Traub, 2003) .
In this study, we have further characterized GLUT4 endocytosis in adipocytes. We found that GLUT4 is internalized in basal adipocytes by two mechanisms. The main pathway, accounting for about 80% of basal endocytosis, is sensitive to the cholesterol-aggregating drug nystatin and independent of the AP-2 clathrin adaptor and the F 5 QQI and LL 490 GLUT4 endocytic motifs. The second GLUT4 internalization pathway is nystatin-resistant and dependent on AP-2 and the F 5 QQI motif. Both endocytic mechanisms contribute to GLUT4 internalization in basal conditions. Insulin inhibits the nystatin-sensitive pathway and, in stimulated cells, GLUT4 is only internalized by the nystatin-resistant, AP-2-dependent pathway. The F 5 QQI endocytosis motif functions in a suboptimal manner compared to more conventional tyrosine-based motifs and, therefore, GLUT4 uptake by the AP-2 pathway is slow. Thus, both a change in the predominant mechanism for uptake and the specific use of a suboptimal internalization motif contribute to the slowing of GLUT4 internalization in insulin-stimulated adipocytes.
Results

Insulin inhibits GLUT4 internalization
We used HA-GLUT4-GFP as surrogate for GLUT4 trafficking. This construct contains an HA epitope in the first exofacial loop and a GFP fused to the carboxyl cytoplasmic domain ( Figure 1A ; Lampson et al, 2000) . We measured basal and insulin HA-GLUT4-GFP internalization by quantifying HA.11 monoclonal anti-HA antibody uptake using the internal/surface (IN/SUR) method (Wiley and Cunningham, 1982) . This method requires that the pulse times in HA.11 be chosen to minimize the recycling of internalized HA.11 to the plasma membrane during the pulse periods (see Materials and methods) . In insulin-stimulated cells, HA-GLUT4-GFP recycles with a half-time of about 10-15 min, and internalization pulse times of less than 15 min were used. In basal cells, the GLUT4 recycling halftime is on the order of 100 min and therefore longer pulse times can be used. Because the amount of HA-GLUT4-GFP in the plasma membrane of basal adipocytes is low (about a tenth of that in insulin-stimulated cells), the amount of HA.11 internalized per unit time is also low. Thus, pulse times up to 30 min were used to measure basal internalization.
The amounts of internal and plasma membrane HA.11 were measured using quantitative fluorescence microscopy (Lampson et al, 2001; Zeigerer et al, 2002 Zeigerer et al, , 2004 Martin et al, 2006) , and HA-GLUT4-GFP internalization rate constants were derived from a plot of internal aHA.11/surface HA.11 versus time ( Figure 1B ). Because the amount of aHA.11 uptake is normalized to the level of plasma membrane HA.11, the IN/SUR method measures internalization independent of exocytosis (Materials and methods; Wiley and Cunningham, 1982) . GLUT4 was internalized in the basal state with a rate constant of 0.2070.002 min À1 and internalization was reduced to 0.0670.007 min À1 in the presence of insulin ( Figure 1B and Table I ). The average effect of insulin was to inhibit GLUT4 endocytosis by 6078% ( Figure 1C ). Moreover, basal IN/SUR measurements performed on an overlapping timescale with that used for insulin fit the same line as basal IN/SUR measurements made at longer pulse times (Supplementary Figure 1) . These data indicate that small differences in the time course for uptake in basal and insulin conditions did not account for the differences in GLUT4 internalization in the two conditions. Because insulin treatment results in an B10-fold increase in GLUT4 in the plasma membrane, the slower internalization rate of GLUT4 in the insulin-stimulated state could possibly result from saturation of the endocytic machinery. To rule out this possibility, we plotted internal HA.11 versus surface HA.11 of individual cells ( Figure 1D ). The linear correlation observed between the amount of GLUT4 on the cell surface and the amount of GLUT4 internalized over an B10-fold range of surface expression indicates that the increased GLUT4 on the surface of insulin-stimulated adipocytes does not saturate the uptake mechanism.
GLUT4 mutagenesis reveals two distinct endocytosis pathways in the basal and insulin-stimulated states
To further explore the molecular basis of GLUT4 internalization, we characterized the behaviors of HA-GLUT4-GFP constructs in which the two candidate GLUT4 internalization motifs have been mutated: the amino-terminal F 5 QQI motif (F 5 A mutant), the carboxyl-terminal LL 490 motif (L 490 A mutant) or both motifs (F 5 A/ L 490 A) ( Figure 1A ). The ranges of expressions and the patterns of intracellular localization of the mutants were indistinguishable from those of wild-type HA-GLUT4-GFP, with all constructs concentrating in the perinuclear region of the cells (Figure 2A) . The F 5 A mutation had a small inhibitory effect on basal GLUT4 endocytosis (1377% inhibition), whereas the L 490 A mutation had Internalization of HA-GLUT4-GFP in insulin-stimulated or basal adipocytes was measured by determining the ratio of HA.11 anti-HA antibody internalized normalized to the amount of HA.11 on the plasma membrane. The slope of the plot of the internal-to-plasma membrane ratio versus time is the internalization rate constant. The values are the mean7s.e.m. determined from at least 20 cells per time point. Different time courses for measurement of GLUT4 internalization in the basal and insulin-stimulated conditions are discussed as Supplementary data. (C) Insulin inhibits GLUT4 endocytosis. Results are the mean7s.d. deviation of 10 independent experiments measuring GLUT4 internalization in basal and insulinstimulated conditions. The data were normalized to the basal rate of each experiment. (D) Elevated level of GLUT4 in the plasma membrane of insulin-stimulated adipocytes does not saturate GLUT4 uptake mechanism. Results are cell-by-cell analysis from the 9 min time point of five independent GLUT4 internalization assays in insulin-stimulated adipocytes. Within each experiment, surface GLUT4 and the corresponding internalized GLUT4 are normalized to the average values. A mutation, ruling out the possibility that the motifs are functionally redundant. In insulin-stimulated adipocytes, the F 5 A mutant was internalized at about 50% of wild-type HA-GLUT4-GFP, whereas the L 490 A mutant was internalized at the same rate as wild type ( Figure 2C (Table I) , which is comparable to bulk membrane uptake measured in other cell types (Mayor et al, 1993) . These data indicate that the F 5 QQI motif has a minor role in basal GLUT4 internalization and becomes essential in insulin-stimulated adipocytes, and thereby suggest that GLUT4 is internalized by distinct mechanisms in basal and insulin-stimulated adipocytes.
GLUT4 endocytosis is AP-2-independent in resting adipocytes and becomes AP-2-dependent upon insulin stimulation The F 5 QQI motif, a member of the aromatic-based internalization motif family (Bonifacino and Traub, 2003) , has been shown to bind the m2 chain of AP-2 clathrin adaptors in yeast two-hybrid experiments (Al-Hasani et al, 2002) . Because the data in Figure 2 demonstrated a major role for the F 5 QQI motif in GLUT4 endocytosis solely after insulin stimulation, we hypothesized that the difference between GLUT4 internalization mechanisms in basal and insulin-stimulated states may be due to different requirements for AP-2.
To specially assess the role of AP-2 in GLUT4 internalization, we knocked down AP-2 in adipocytes using a small hairpin RNA targeting the m2 subunit of the AP-2 complex (pSUPER-m2; Dugast et al, 2005) . Knock down of m2 results in a concomitant reduction of the whole AP-2 complex (Motley et al, 2003; Huang et al, 2004) . We monitored the AP-2 knockdown efficiency in transfected adipocytes by quantifying AP-2 a chain in indirect immunofluorescence ( Figure 3A) . In control cells, there was a broad range of expression of AP-2 among individual cells ( Figure 3B ). In adipocytes transfected with pSUPER-m2, the average AP-2 immunofluorescence per cell was about one-third of the average value in control cells ( Figure 3B ), demonstrating an efficient knockdown of AP-2. The AP-2 knockdown resulted in a two-fold reduction in transferrin receptor (TR) internalization ( Figure 3C ). This measurement is likely to be an underestimate because the AP-2 knockdown was incomplete and, indeed, the amount of AP-2 remaining in the knockdown cells correlated with the amount of internalized transferrin ( Figure 3D ). Thus, although incomplete, the level of m2 knockdown we achieved in differentiated adipocytes is sufficient to induce a perturbation of AP-2-dependent internalization.
AP-2 knockdown resulted in an B50% inhibition of GLUT4 endocytosis in insulin-stimulated adipocytes but had no effect on basal adipocytes( Figure 4A and B). These data together with those presented in Figure 3 indicate that the FQQI motif and the AP-2 clathrin adaptor are required for GLUT4 internalization in insulin-stimulated adipocytes, whereas basal GLUT4 internalization is predominantly independent of AP-2 and the FQQI motif.
GLUT4 in endocytic vesicles colocalize with AP-2 and Tf only after insulin stimulation
In total internal reflection fluorescence (TIRF) microscopy, which reveals GFP fluorescence within 250 nm of the dorsal membrane, HA-GLUT4-GFP was localized to puncta in basal adipocytes ( Figure 5A ). In insulin-stimulated adipocytes, in addition to GLUT4 concentrated in puncta, there was a significant increase in diffuse GFP fluorescence, as would be the case if GLUT4 was distributed throughout the membrane ( Figure 5A ). In both basal and insulin-stimulated adipocytes, many of the HA-GLUT4-GFP puncta detected by TIRF microscopy colocalized with HA.11 antibodies internalized for 10 min ( Figure 5A , overlay). Those puncta had been derived from the plasma membrane during the 10 min pulse and are therefore of endocytic origin. TIRF microscopy can thus be used to examine colocalization of HA-GLUT4-GFP endocytic vesicles with other endocytic markers.
Endogenous AP-2 localization in HA-GLUT4-GFP-expressing cells was determined by immunofluorescence in epifluorescence mode by choosing a focal plane at the bottom of the cells, and compared to HA-GLUT4-GFP detected in TIRF mode. AP-2 was localized to puncta both in the presence and absence of insulin ( Figure 5B ). Overlay of TIRF and the epifluorescence images revealed extensive codistribution between HA-GLUT4-GFP puncta and AP-2 puncta in insulin-stimulated adipocytes, and very little overlap in basal conditions ( Figure 5B ). Unlike wild-type GLUT4, F 5 A GLUT4 did not colocalize with AP-2 in insulin-stimulated adipocytes ( Figure 5B), consistent with the hypothesis that an intact FQQI motif is required to target GLUT4 to the insulin AP-2-dependent uptake mechanism. To compare HA-GLUT4-GFP puncta to cargo internalized by an AP-2-dependent mechanism, colocalization with transferrin was performed. Vesicles containing HA-GLUT4-GFP showed extensive colocalization with internalized transferrin solely in insulin-stimulated adipocytes, providing additional evidence for the proposal that GLUT4 is internalized by an AP-2-dependent mechanism only in insulin-stimulated conditions ( Figure 5C ).
GLUT4 is predominantly endocytosed by a cholesterol-dependent, nystatin-sensitive mechanism in basal adipocytes
To further characterize basal GLUT4 endocytosis, we used the cholesterol-sequestrating drug nystatin, which is known to inhibit clathrin-independent but not clathrin-dependent internalization (Schnitzer et al, 1994) . Nystatin did not inhibit TR internalization, confirming that clathrin-dependent endo cytosis in adipocytes is not sensitive to nystatin-induced cholesterol aggregation ( Figure 6A ). Nystatin inhibited basal GLUT4 endocytosis by 80% whereas GLUT4 internalization in insulin-stimulated adipocytes was not affected ( Figure 6B ). Thus, GLUT4 endocytosis is mainly by a nystatin-sensitive mechanism in basal conditions and by a nystatin-resistant mechanism upon insulin stimulation.
Nystatin did not completely block basal GLUT4 endocytosis, but lowered it to the level of insulin-stimulated adipocytes ( Figure 6B ). One explanation for these data is that residual GLUT4 internalization in nystatin-treated adipocytes is by the AP-2-dependent pathway. To test this hypothesis, we measured the effect of nystatin on basal endocytosis of F 5 A GLUT4. We found that nystatin reduced basal endocytosis of F 5 A GLUT4 to a level lower than that of wild-type GLUT4 ( Figure 6C ). These results indicate that, in basal conditions, two GLUT4 internalization mechanisms coexist; the majority (B80%) of GLUT4 is internalized by a nystatin-sensitive mechanism that is independent of the FQQI motif, whereas a smaller fraction (B20%) of GLUT4 is endocytosed by nystatin-resistant and FQQI motif-dependent endocytosis. After insulin stimulation, GLUT4 internalization is only by the nystatin-resistant, FQQI motif-dependent pathway.
Insulin accelerates the nystatin-resistant uptake and inhibits the nystatin-sensitive uptake The nystatin-sensitive component of basal GLUT4 uptake is inhibited in insulin-stimulated adipocytes ( Figure 6B ). This could be due either to specific effects of insulin on GLUT4 or to broader effects of insulin on the nystatin-sensitive endocytosis pathway. To distinguish between these possibilities, we determined the effects of insulin on the uptake of choleratoxin B (CT-B). Insulin, like nystatin, caused a reduction in the amount of CT-B taken up ( Figure 7A ). CT-B is internalized by both clathrin-independent and clathrin-dependent pathways (Sandvig et al, 2004) . However, as we have previously reported (Martin et al, 2006) , insulin did not inhibit clathrin-dependent TR uptake but rather accelerated it ( Figure 7B) .
Thus, insulin inhibits the nystatin-sensitive endocytosis pathway while accelerating the nystatin-resistant clathrindependent uptake. These data support the hypothesis that insulin slows GLUT4 internalization by regulating the nystatin-sensitive uptake pathway rather than specifically slowing GLUT4 internalization.
Slow internalization of GLUT4 upon insulin stimulation is due to the suboptimal nature of the FQQI internalization motif
The FQQI GLUT4 internalization motif is unusual because it contains a phenylalanine instead of a tyrosine (Bonifacino and Traub, 2003) . To test if the phenylalanine has a specific role in the characteristics of GLUT4 uptake in insulin-stimulated cells, we examined the behavior of GLUT4 in which a tyrosine was substituted for phenylalanine (F 5 Y mutant). As expected, the F 5 Y mutation did not change basal GLUT4 internalization (Figure 8 ). However, in insulin-stimulated adipocytes, F 5 Y GLUT4 was internalized more rapidly than wild-type GLUT4, consistent with the phenylalanine-based FQQI motif being a suboptimal motif (Figure 8 and Table I ). These data thus indicate that the phenylalanine-5 in GLUT4 is specifically required for the slow internalization of GLUT4 in insulin-stimulated adipocytes.
GLUT4 return-to-basal after insulin withdrawal is a complex process involving the F 5 QQI and LL 490 motifs as well as nystatin-sensitive pathways Previous studies have documented a role for the GLUT4 F 5 QQI and LL 490 motifs in the return of elevated plasma membrane GLUT4 in insulin-stimulated adipocytes to its low basal level following insulin withdrawal or addition of wortmannin (Verhey et al, 1995; Govers et al, 2004) . As the distribution of GLUT4 between the interior and cell surface depends on endocytosis and exocytosis, changes in the rate of return to basal GLUT4 retention will be sensitive to changes in endocytosis, exocytosis or both.
We found that the return to the basal GLUT4 retention was slowed by about 50% for both F 5 A and L 490 A mutants ( Figure 9A ). The delay we observed for the F 5 A mutant is consistent with the effect of this mutation on GLUT4 endocytosis upon insulin stimulation (Figure 2 ). By contrast, the L 490 A mutation did not alter GLUT4 internalization in either the basal or the insulin-stimulated states (Figure 2) . Thus, the delay in the return to basal retention of this mutant may reflect a role for the LL 490 motif in an intracellular trafficking step required for establishment of basal retention. If true, the F 5 A and L 490 A mutations would have additive effects on the return to basal retention of GLUT4. Indeed, we found that the return to the basal steady state of the F 5 A/L 490 A double mutated GLUT4 was slower than either of the individual mutants ( Figure 9A ).
We also examined the effect of nystatin on the return to basal retention of GLUT4. Nystatin greatly reduced the rate of GLUT4 return to basal retention ( Figure 9B ), documenting a role for the nystatin-sensitive pathway in this process. The effect is consistent with our findings that fast basal GLUT4 internalization is sensitive to nystatin but does not exclude that other intracellular pathways required for the establishment of basal retention are also sensitive to nystatin treatment.
Discussion
We have characterized GLUT4 endocytosis in basal and insulin-stimulated adipocytes. The internalization assay we used here is based on quantification of antibody uptake from the cell surface. Because quantification of internalized antibodies was normalized to the amount of antibody bound to the cell surface on individual cells, this method allows for the analysis of endocytosis independent of any changes in exocytosis (Wiley and Cunningham, 1982) . Our data indicate that GLUT4 is internalized by two pathways in basal adipocytes. The majority of GLUT4 is internalized through an AP-2-independent, nystatin-sensitive mechanism that does not involve any known GLUT4 trafficking motifs. A smaller portion of GLUT4 is endocytosed through a nystatin-resistant pathway and requires AP-2 and the GLUT4 F 5 QQI motif ( Figure 10A ). The larger flux of GLUT4 through the nystatin-sensitive pathway most likely reflects a higher affinity of GLUT4 for this internalization mechanism. Upon insulin stimulation, GLUT4 uptake is only by the nystatin-resistant, AP-2-and F 5 QQI motif-dependent pathway ( Figure 10B ). This change in the predominant GLUT4 internalization pathway results in a three-fold decrease of GLUT4 endocytosis.
We found that insulin also slows the uptake of CT-B, which is endocytosed by both clathrin-dependent (nystatin-resistant) and clathrin-independent (nystatin-sensitive) pathways (Sandvig et al, 2004) . Because insulin does not inhibit the clathrin-dependent internalization ( Figure 7A ), we conclude that insulin selectively inhibits the nystatin-sensitive uptake pathway. We thus propose that when the nystatin-sensitive pathway is inhibited by insulin, AP-2-dependent nystatinresistant endocytosis becomes the predominant GLUT4 uptake mechanism ( Figure 10B ). In this model, insulin does not specifically target GLUT4 endocytosis, but rather inhibits nystatin-sensitive uptake, the main basal GLUT4 uptake mechanism.
Numerous cargo proteins and lipids are internalized by nystatin-sensitive uptake pathways (Kirkham and Parton, 2005 ). Here we show that the nystatin-sensitive uptake mechanism is a novel target of insulin action. The inhibitory Figure 5 GLUT4 colocalizes with AP-2 and internalized transferrin in endocytic vesicles only in the insulin-stimulated state. GFP images were collected in the green channel in the total TIRF mode and the Cy-3 channel in the epifluorescence mode (Epi). (A) Colocalization between HA-GLUT4-GFP in the TIRF zone and HA.11 anti-HA internalized for 10 min to label HA-GLUT4-GFP-containing endosomes. (B) Colocalization between HA-GLUT4-GFP in the TIRF zone and AP-2 clathrin adaptor. (C) Colocalization between HA-GLUT4-GFP and Alexa546-conjugated transferrin internalized for 10 min. Overlays of green TIRF images and red epifluorescence images are shown (overlay). Images are representative of results from three independent experiments, and have been scaled by eye, and as a consequence, absolute pixel intensities between different panels cannot be compared. effect of insulin on the nystatin-sensitive pathway will result in the acute accumulation on the plasma membrane of proteins and other components that are internalized through this pathway, and may thus have important physiologic consequences beyond modulation of GLUT4 internalization. For example, long-chain fatty acid transporters are localized to cholesterol-enriched domains of the plasma membrane (Ehehalt et al, 2006; Ring et al, 2006) and there is evidence that insulin increases the amount of the fatty acid transporters on the surface of cells (Stahl et al, 2002) . Additionally, insulin signaling may affect lipid raft domains in a way that alters other functions of these domains, with the change in internalization being only one consequence of the effect.
The exact nature of basal GLUT4 endocytic mechanism remains to be determined. Although we cannot exclude the possibility that GLUT4 is internalized in basal adipocytes by an atypical clathrin-dependent pathway, the observations that basal uptake is sensitive to nystatin (unlike TR clathrin-dependent uptake) and independent of the AP-2 clathrin adaptor strongly suggest a clathrin-independent internalization mechanism. Several clathrin-independent endocytosis pathways have been described, all of which require free membrane cholesterol (reviewed in Naslavsky et al, 2004; Kirkham and Parton, 2005) . One of these is the caveolin-dependent pathway. We did not observe any colocalization between GLUT4 and caveolin in adipocytes (unpublished observations), consistent with published reports (Parton et al, 2002; Shigematsu et al, 2003) . The lack of colocalization, however, does not by itself rule out a role for caveolin in basal GLUT4 internalization, and a previous study using a caveolin mutant demonstrated a role for caveolin-1 in GLUT4 trafficking (Shigematsu et al, 2003) . In addition to caveolin, other molecular components of the clathrin-independent uptake mechanism have been identified (e.g., Choudhury et al, 2006; Glebov et al, 2006) . In this regard, we observed partial overlap in basal adipocytes between endocytosed CT-B and GLUT4 (Supplementary Figure 3) , suggesting some overlap in uptake mechanisms. However, CT-B is known to follow multiple endocytic mechanisms, which is an impediment to assessing the significance of colocalization between GLUT4 and CT-B. Additional studies are required to determine the molecular components of the predominant basal GLUT4 uptake.
Several observations indicated that GLUT4 follows a clathrin-dependent endocytosis pathway in insulin-stimulated adipocytes. In insulin-stimulated adipocytes, GLUT4 colocalizes with AP-2 and the TR in endocytic vesicles in the vicinity of the plasma membrane, GLUT4 endocytosis depends on the clathrin adaptor AP-2 and on the AP-2-interacting F 5 QQI motif, and GLUT4 endocytosis is resistant to nystatin treatment. Insulin accelerates the clathrin-dependent internalization of TR, yet GLUT4 clathrin-dependent uptake in insulin-stimulated adipocytes is slow. The GLUT4 F 5 QQI motif resembles the canonical tyrosine-based endocytosis motifs (Bonifacino and Traub, 2003) , which function to concentrate membrane proteins in clathrin-coated pits via interactions with AP-2. However, the presence of a phenylalanine rather than the more common tyrosine is striking, especially considering that a single nucleotide change transforms a phenylalanine codon to a tyrosine codon. The FQQI motif promotes a weaker interaction with the m2 chain of AP-2 than the corresponding YQQI motif (Al-Hasani et al, 2002) and this results in a slower internalization in adipocytes (Figure 8) . Thus, the conservation of a suboptimal internalization motif explains the slow internalization rate of GLUT4 in insulin-stimulated adipocytes.
There are conflicting reports in the literature regarding the mechanism of GLUT4 endocytosis. Some studies have suggested that GLUT4 is internalized via a clathrin-dependent mechanism (Nishimura et al, 1993; Parton et al, 2002) whereas other work implicated cholesterol-dependent mechanisms (Ros-Baro et al, 2001) . We show here that GLUT4 is internalized through both pathways, with the predominant uptake mechanism depending on whether the adipocytes are resting or stimulated with insulin. Similarly, the relative contribution of the F 5 QQI and LL 490 motifs to GLUT4 endocytosis was subject to debate (Corvera et al, 1994; Garippa et al, 1996; Al-Hasani et al, 2002; Govers et al, 2004) . We found that the use of these motifs is tightly regulated. The FQQI motif has a minor role in basal internalization and major role in insulin internalization as well as in the return to basal retention following insulin withdrawal. The LL-based motif functions in the return to basal retention but does not regulate basal nor insulin internalization of GLUT4.
The return to basal retention measures the sum of a number of trafficking parameters and not solely GLUT4 endocytosis. One possible explanation for the observation that the LL-based motif affects return to basal retention without affecting internalization kinetics is that it is required at another step important for the transition. In this regard, James and co-workers (Govers et al, 2004) have recently shown a small increase in the basal recycling of an LL 489,490 AA GLUT4 mutant. This effect in recycling kinetics may account for the slowing in the transition between stimulated and unstimulated states. Additional studies will be required to define the precise role of the LL-based motif in GLUT4 trafficking.
Our results uncover previously unexpected and complex mechanisms controlling GLUT4 internalization in adipocytes. Regulation of GLUT4 endocytosis has also been reported in muscle cells (Wijesekara et al, 2006) . Thus, regulation of GLUT4 internalization occurs in the two main insulin-target tissues involved in the control of glucose homeostasis. Moreover, insulin inhibition of the cholesterol-dependent uptake pathway in adipocytes may have physiologic consequences beyond the regulation of GLUT4 trafficking.
Materials and methods
Cell culture and electroporation 3T3-L1 fibroblasts were differentiated and electroporated as previously described (Subtil et al, 2000; Zeigerer et al, 2002) . Studies were performed on the day after electroporation, except for Figure 9 GLUT4 return-to-basal level after insulin withdrawal is a complex process involving the F 5 QQI and LL 490 motifs as well as nystatin-sensitive pathways. Adipocytes were stimulated with insulin, the insulin removed and cells were fixed after different recovery times. The ratio of surface GLUT4 to total GLUT4 for each time point was fit to a single exponential decrease described by the following equation: A basal À(A insulin Â exp(ÀK return t)), where A represents the fraction of GLUT4 at the cell surface at either the basal (A basal ) or the insulin-stimulated (A insulin ) state, t is the time and K return is the rate of return to the GLUT4 basal surface level. knockdown experiments in which cells were used 2 days after electroporation. For stable expression in 3T3-L1, pBabe puro/ HA-GLUT4 retroviruses were produced in AmphoPack cells (ClonTech Mountain View, CA) and 3T3-L1 fibroblasts were infected and selected for growth in puromycin (Shewan et al, 2000) .
Plasmids, ligands and antibodies
The Stratagene (La Jolla, CA) QuickChange mutagenesis kit was used to introduce single base changes to mutate F 5 and L 490 in HA-GLUT4-GFP. The presence of the desired mutations was verified by sequencing (Cornell DNA sequencing facility, BRC, Ithaca, NY). The pSUPER-m2 plasmid was a gift of Dr P Benaroch (Institut Curie, Paris, France).
The HA.11 mouse monoclonal antibody was purified from ascites (Covance, Berkley, CA) using a protein G affinity column (Amersham, Uppsala, Sweden). The saturating concentration of HA.11 was determined for each batch of purified antibody (Martin et al, 2006) . Anti-AP-2 a chain antibody was from ABR (Godlen, CO). All fluorescent secondary antibodies were from Jackson Immunolabs Inc. (West Grove, CA). Human transferrin (Sigma Inc., St Louis, MO) was purified by Sepharyl S-300 gel filtration and conjugated to fluorescent dyes following the manufacturer's instructions (Molecular Probes, Eugene, OR). B3/25 monoclonal antibody to the human TR was purified from hybridoma culture supernatant using a protein G affinity column (Amersham, Uppsala, Sweden). Alexa488 CT-B and anti-Alexa488 antibodies were from Molecular Probes (Eugene, OR).
Data acquisition and processing
Images were collected on a DMIRB inverted Leica microscope (Leica Microsystems, Deerfield, IL) using a Â 40 1.25 NA oilimmersion objective or on a DMIRB inverted Zeiss microscope (Carl Zeiss MicroImaging Inc., Thornwood, NY) using a Â 40 1.3 NA oilimmersion objective. Both microscopes were coupled to CCD 12-bit cameras (Princeton Instruments, West Chester, PA). Exposure times for each fluorescence channel were chosen such that 495% of the image pixel intensities were below camera saturation. Exposure times were kept constant within each experiment. Fluorescence quantifications were carried out using Metamorph image processing software (Molecular Devices Corporation, Downington, PA) as described elsewhere (Lampson et al, , 2001 Karylowski et al, 2004) . Background was measured on similarly treated nonexpressing cells, or, when not possible, on cells treated only with secondary antibodies. Background was subsequently subtracted from specific signal.
Endocytosis of GLUT4
Electroporated adipocytes were starved of serum for 2 h in DMEM medium with 20 mM HEPES and 20 mM sodium bicarbonate, pH 7.2 (DMEMBB) at 371C in 5% CO 2 , and stimulated (insulin) or not (basal) with 170 nM insulin for 30 min at 371C in 5% CO 2 . Cells were incubated in DMEMBB containing a saturating concentration of HA.11 antibody for indicated pulse times. For internalization in the presence of nystatin, cells were stimulated or not for 30 min with insulin and treated for 1 h at 371C with 50 mg/ml nystatin. Nystatin and/or insulin were present during the HA.11 uptake when appropriate. For details concerning the uptake time courses, see Supplementary data. Cells were rapidly cooled, washed three time in ice-cold medium 2 (150 mM NaCl, 1 mM CaCl 2 , 5 mM KCl, 1 mM MgCl 2 , 20 mM HEPES, pH 7.4) and fixed on ice for 6 min in phosphate-buffered saline (PBS)/3.7% formaldehyde. Surfacebound HA.11 was detected with a saturating concentration of Cy3-conjugated anti-mouse IgG antibody (15 mg/ml in PBS/2% FBS). Cells were refixed for 5 min, and internalized HA.11 was revealed with Cy5-conjugated anti-mouse IgG antibodies (1.5 mg/ ml) in PBS/2% FBS and 250 mM saponin. The slope of a plot of the ratio of internalized HA.11 (Cy5) to surface HA.11 (Cy3) is proportional to the internalization rate constant but is not the rate constant, as different fluorophores are used. This internalization rate parameter was normalized to the internalization rate parameter of wild type HA-GLUT4-GFP in basal adipocytes measured in the same experiment. To measure the internalization rate constant, the amount of GLUT4 on the cell surface was measured in separate dishes of identically treated cells, by staining surface-bound HA.11 antibodies with Cy5-conjugated antibodies. The internal (Cy5) to surface (Cy5) ratio for each time point was fit to a straight line, the slope of which is the internalization rate constant.
In this analysis, because the amount of internalized HA.11 at each time point is normalized for each cell to the amount of antibody bound to the surface, this endocytosis analysis is insensitive to changes is the amount of GLUT4 on cell surface that could result form changes in GLUT4 exocytosis/recycling. Mathematical description of the assay is available as Supplementary data.
GLUT4 return-to-basal retention after insulin removal
Cells were incubated in serum-free DMEMBB for 2 h, stimulated with 170 nM insulin for 30 min at 371C and insulin was removed by alternate washes of neutral and acidic (pH 5.0) buffers (Subtil et al, 2000) . For experiments with nystatin, cells were prestimulated with insulin for 30 min and nystatin (50 mg/ml) was then added for another 60 min before insulin removal. Cells were incubated in DMEMBB at 371C in 5% CO 2 (with nystatin when appropriate) for various recovery times before fixation. At each time point, the surface-to-total HA-GLUT4-GFP was measured (Lampson et al, 2001; Zeigerer et al, 2002) . This assay follows the change in surface GLUT4 over time, which is the result of a balance between exocytosis and endocytosis.
TR endocytosis
Endocytosis of the human TR expressed by electroporation in adipocytes was measured as previously described (Subtil et al, 2000; Martin et al, 2006) and details are provided on line as Supplementary data. Cholera-toxin-B uptake Differentiated adipocytes were starved of serum for 2 h at 371C in DMEMBB, and pretreated with nystatin (50 mg/ml) for 1 h or with insulin (170 nM) for 30 min, or left untreated (basal). Cells were incubated on ice for 30 min with Alexa488-conjugated CT-B (2.5 mg/ ml in MII buffer containing 1 mg/ml ovalbumin). Cells were washed twice with cold MII buffer and either fixed (surface Alexa488 CT-B at time 0), or switched back to 371C by adding warm DMEMBB (supplemented with nystatin, insulin or nothing) for 30 min. Cells were fixed and the Alexa488 CT-B remaining on the cell surface was quenched using anti-Alexa488 antibodies (20 mg/ml in PBS/2% FBS). The non-quenchable fraction of surface-bound Alexa488 CT-B was estimated in parallel on samples that were fixed immediately after binding on ice. This value was subtracted from the value obtained for the 30 min uptake. The fluorescence of greater than 200 cells was measured and the uptake of Alexa488 CT-B was estimated by dividing the internalized Alexa488 CT-B by the surface Alexa488 CT-B at time 0.
AP-2 knockdown quantification
Two days after electroporation of adipocytes with the HA-GLUT4-GFP or the TR plasmid alone (control) or together with the pSUPER m2 plasmid (knock down), cells were stained for AP-2 using the anti-AP-2 a chain antibody (1/1000 dilution in PBS/2% FBS/250 mM saponin) followed by Cy3-conjugated secondary antibodies. Background fluorescence was measured in separate dishes that were identically treated except being not incubated with anti-AP-2. Within each experiment, AP-2-associated fluorescence was normalized to the average value in control cells.
Total internal reflection fluorescence microscopy
Twenty-four hours after electroporation, adipocytes were incubated for 2 h in serum-free medium and stimulated or not with 170 nM insulin for 30 min. For AP-2 costaining, cells were fixed, permeabilized and AP-2 visualized in indirect immunofluorescence using Cy3-conjugated secondary antibodies. For transferrin costaining, Alexa546-conjugated transferrin (10 mg/ml) was added in the media for 10 min before fixation.
The TIRF microscope used has been described previously (Moskowitz et al, 2003) . A Â 60 1.45 NA objective (Olympus America, Melville, NY) was used to perform 'prism-less' TIRF. The evanescent field decay length was 100-250 nm with this objective, with a pixel size of 112 Â112 nm 2 in the acquired images. Cells expressing HA-GLUT4-GFP were identified by GFP in epifluorescence mode. Both epifluorescence (GFP and Cy3) and TIRF (GFP) images of cells were acquired. For costaining with CT-B, adipocytes stably expressing HA-GLUT4 were used. Anti-HA.11 (saturated concentration) and Alexa-488-conjugated CT-B (10 mg/ml) were added to the media for 10 min before fixation. HA.11 was detected in indirect immunofluorescence using Cy3-conjugated secondary antibodies. Rabbit anti-Alexa488 was used to quench surface CT-B fluorescence. In this case, TIRF was used to detect intracellular CT-B within the TIRF zone and epifluorescence to detect internalized HA.11 antibodies.
MetaMorph software was used to process and overlay the images. Each image was scaled by eye to make the fluorescent structures easily visible. Overlay images are the direct results of already scaled GFP and Cy3 images and are not re-scaled.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
